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SUMMARY 

A programmable fiber optic delay line using optical switches, a fiber optic delay line 
sequence generator, and a distributed fiber optic intrusion sensor were investigated. 

The programmable delay line is based upon a network of all-fiber switches connectd by 
fibers of different lengths. The 4-port all-fiber switches have a Mach-Zehnder interferometer 
configuration with a piezoelectric transducer in each arm to produce a 7i-radian relative phase 
shift. Switches consturcted in the laboratory show an unprecendented combination of low (0.25 
dB) insertion loss, polarization-independent operation (-21 dB worst-case crosstalk), and < 30 
usec switching time.   A 4-stage system with 16 different programmable delays was constructed. 

The sequence generator consists a laser which injects optical pulses into a network of 2x2 
fiber couplers connected by fibers of different lengths. Both unipolar and bipolar sequences were 

generated at Gbit/sec rates. 
The fiber optic intrusion sensor system analyzed in this report is intended to detect, locate, 

and classify intruders over long perimeters.   One or more fibers contained in a buried cable serve 
as distributed sensors. Each sensor responds to the pressure of an intruder passing over or near it, 
as well as to acoustic waves transmitted through the soil from more distant disturbances. After the 
presence of an intruder is detected, a signal processor applies signature analysis techniques to the 
raw sensor data to distinguish between people, animals, vehicles, and aircraft.   The system is 
configured as a coherent optical time domain reflectometer (OTDR). Alternative system designs 
are described and analyzed. The baseline design makes use of a diode-pumped Nd: YAG light 
source, a Faraday isolator, an electrooptic modulator, a fiber coupler, a cabled single mode fiber 
as the sensor, and an InGaAs photodetector. A pulse of highly coherent light from the laser is 
coupled into the fiber, and the Rayleigh backscattered light from the fiber is converted to an 
electrical signal by the photodetector. A range of 28 km for 100 m range resolution and a range of 
12 km for 20 m range resolution are predicted. 

XI 



1. INTRODUCTION 

1.1. Fiber Optic Delay Lines 

It has been recognized since the mid-1970's that fiber optics technology represents an 
alternative to conventional means for implementing wideband signal processors [1]. Present-day 
fibers have time-bandwidth products of over 1,000,000, and input and output transducers (high- 
speed lasers and photodetectors) can operate at bandwidth in excess of 10 GHz. 

It was suggested some years ago that a variable fiber optic delay line can be implemented 
with a multistage network of 2 X 2 optical switches connected by optical fibers [2]. The switches 
are operated as two-state devices, as illustrated in Fig. 1. The state of each switch is set to route 
the incident light to the next stage through a long or short fiber, as in Fig. 2. With N of the 2 X 2 
switches, 2N different delays can be obtained by appropriate setting of the states of the switches. 
Furthermore, if the length difference of the two fibers following the j+1 st switch is twice that of 
the fibers following the j th switch, the total delay is T0 + nx, with T0 the delay for the shortest 
fiber path, x the delay difference for the two fibers connecting the first and second switches, and n 
= 0,1,2,. ..,2N-1. Extensive investigations of the switches of Fig. 1 and the delay line system of 
Fig. 2 have been carried out during the course of this program. 

InPuts Outputs Straight Through 

Inputs \/ Outputs Crosso ver 

Fig. 1. States of 4-Port Optical Switches 
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Broadband "spread spectrum" waveforms utilizing pseudorandom codes are important in 
Air Force radar systems, because such waveforms are difficult for the enemy to intercept and jam. 
Systems using pseudorandom codes must perform both signal generation and correlation 
(deconvolution) functions. Normally, such processors are configured as tapped delay lines, with 
the time-bandwidth product equal to the number of taps. Presently, charge-coupled devices, 
surface-acoustic-wave devices, and digital computers (microprocessors) are used in such 
applications, but these technologies are limited to time-bandwidth products of a few hundred at 
signal bandwidths of 100 Mhz. A new method for implementing broadband tapped delay line 
signal processors has been investigated under this program. The fiber optic processor utilizes N 
2x2 optical couplers connected in series to generate and correlate 2^-bit sequences. 

1.1.1. Previous Implementation of All-Fiber Switch 

A delay line with the configuration of Fig. 2 has been implemented with all-fiber 
thermooptic switches [3], as illustrated in Fig. 3. All-fiber switches were chosen over 
commercially available LiNbC>3 devices renders multistate networks impractical. The switch is 
configured as an all-fiber Mach-Zehnder interferometer arms. The characteristics of the switch 
are -18 dB crosstalk, 1 dB insertion loss, and 5 sec switching time. The insertion loss is far less 
than could be achieved with commercial single mode fiber switches, but the response of all-fiber 
thermooptic switches will ultimately be limited to a few milliseconds by the thermal diffusion rate 
in the fiber material [4]. Even this performance will be difficult to achieve in practice. 
Furthermore, the power dissipated by thermooptic switches is inherently high (-0.5W), as heat 
must be supplied to maintain one or both states of the devices. 

1.1.2 Piezoelectric Transducers 

To achieve faster switching and lower power dissipation while retaining low insertion loss 
in the switches, piezoelectrically induced strain in all-fiber Mach-Zehnder interferometers, as 
shown in Fig. 4, is utilized in this project. 

Piezoelectricity, which was discovered by Pierre and Jacques Curie in the 1880's, is a 
property of certain classes of crystalline materials. When an electric field is applied to one of 
these materials, the crystalline unit cell changes shape, producing dimensional changes in the 
material. A piezoelectric transducer is a material utilizing piezoelectricity to change its dimension 
by applying a voltage to it. Fig. 5 illustrates the piezoelectric action from an applied voltage. 

1.2. Distributed fiber optic intrusion sensor 

Illegal drugs are imported into the U. S. in vast quantities by air, sea, and land. Sensors 
for detecting potential smugglers are an important part of the drug interdiction effort. Most of the 
sensor funding in recent years has been devoted to the procurement of radars for the monitoring 
of private aircraft crossing into the U. S. from the Caribbean and across the Southwestern border. 
The deployment of balloon-mounted aerostat radars and the increased use of military aircraft for 
radar surveillance has greatly improved the ability of drug interdiction forces to detect and track 
unauthorized aircraft. 
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As a result of the improved radar surveillance, smugglers are now making greater use of 
land and water routes. Intrusion sensors are widely used for the monitoring of land routes in 
support of law enforcement efforts. However, present seismic, magnetic, and infrared sensors are 
expensive, provide limited area coverage, are difficult to conceal, and are subject to high false- 
alarm rates. It is widely appreciated that most smugglers crossing into the U. S. from Mexico or 
Canada in land vehicles, on foot, or in boats go undetected. This situation might be dramatically 
improved through the availability of more effective, less expensive sensors. 

With such an objective in mind, the use of fiber optic sensors for drug interdiction has 
been investigated at Texas A&M University over the past three years. During the course of this 
investigation, a novel approach based on coherent optical time domain reflectometry (coherent 
OTDR) was conceived and preliminnary experiments to test some key technical issues associated 
with the approach were carried out.   It was found using a Michelson interferometer configuration 
that an intruder on foot induces large (several rc-radian) phase shifts in an optical carrier 
propagating in a cabled fiber buried 30 cm (V) deep in clay soil. The sensitivity is so great that an 
intruder who walks within 2 m of the buried cable is easily detected.   In another experiment, it 
was confirmed that a localized phase perturbation in a long fiber can be located as well as 
detected with a coherent OTDR. Here, a spectrally pure laser and a Bragg cell were used to 
produce a coherent light pulse which was coupled into the fiber. The coherent OTDR output 
consisted of a moving-time-window interference pattern of Rayleigh-backscattered light from 
different parts of the fiber. A phase perturbation caused a change in the signature at a particular 
time delay corresponding to the location of the perturbation. The experiment demonstrated that 
the coherent OTDR can detect perturbations in a fiber that are much too small to be observed 
with a conventional OTDR. 

The experimental results have been encouraging, and in Sept. 1993 ARPA nitiated a 
program with the U. S. Army Communications -Electronics Command and Texas A&M 
University to investigate the potential for practical exploitation of the technology. The results of 
that study are described in this report. 

2. SINGLE MODE FIBER OPTIC SWITCH 

Four-port optical switches could find widespread application in fiber communications 
systems to provide fault tolerance as well as for signal routing. Integrated optical switches 
activated thermooptically [4] and electrooptically [5] are currently available commercially. 
However, when switching speed, insertion loss, crosstalk, and cost are considered, present optical 
switches do not measure up to their electronic counterparts. As a consequence, optical switches 
are still not widely used in fiber communications, where switching in the electronic domain is 
generally preferred even though this requires additional optical to electrical to optical conversion 
steps. 

The all-fiber Mach-Zehnder interferometer is an alternative to integrated optics for 
implementation of four-port optical switches with single mode fiber input and output ports. 
Tuning between binary states of the switch is accomplished by changing the relative phase 
difference between the interferometer arms by it radians. A thermally actuated switch of this type 
which utilized resistive heating of one of the fiber arms has been reported [3]. However, thermal 
diffusion from the surface to the core of a 125 urn silica fiber limits the switching time constant to 
a few msec [4], and even this performance is difficult to achieve in practice. Furthermore, the 



heater must be operated continuously to maintain the switch at a particular operating point, 
resulting in substantial electrical power consumption even in a standby mode of operation. 

This chapter describes the design and performance of a new all-fiber switch, illustrated 
schematically in Fig. 4. The switch is produced by splicing together two commercial 2 X 2 fiber 
directional couplers to form a Mac-Zehnder interferometer. High speed is achieved using small 
piezoelectric elements to change the relative path lengths in the interferometer arms. Low optical 
insertion loss results from the excellent loss characteristics of the fiber couplers and the splices. 
Low crosswalk is a consequence of the tight splitting-ratio tolerance in the couplers and very 
close matching of the optical paths in the interferometer. Polarization independence is attained by 
avoiding twists and asymmetric stresses in the interferometer arms. 

2.1 Crosstalk 

Crosstalk is defined as the maximum ratio of the output power from port i to that from 
output port j, when light is coupled into one input port with arbitrary polarization and the switch 

is tuned to maximize the power from port j. That is crosstalk = 10 log (-^-), when Pj; is tuned to 

maximum. 
Fig. 6 shows the setup for characterizing the crosstalk of a 2X2 optical switch. To excite 

a TE mode with the input light, a polarizing beam splitter (PBS) is inserted between the light 
source and the objective lens. If a TM mode is to be excited, a half-wave plate is added between 
the PBS and objective lens. 

Three important factors determine the crosstalk of the all-fiber Mach-Zehnder switch-the 
splitting ratio of the fiber couplers, the optical path length match of the interferometer, and the 
polarization states of the light in the interferometer arms. 

2.1.1 Splitting ratio of the fiber couplers 

Crosstalk performance of the switch is limited by deviations in the splitting ratio of the 
fiber couplers from the desired condition of equal power division. Referring to Fig. 7, if we omit 
the time-dependence of the electric fields, e^', then the outputs of coupler 1 are 

E!' = aEo (la) 

E2 =-jbE0 (lb) 

where a and b are electric fields splitting ratio. Optical power conservation requires that a2 + b = 
1. The 7t/2 phase difference comes from energy conservation of coupling mode theory [6]. The 
electric fields before the coupler 2 are 

E1' = aE0e
jBL (2a) 

E2' = -jb Eo ejB(L+AL) (2b) 
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where ß is the propagation constant. Then the electric fields passing through coupler 2 are 
E3 = aE'l-jbE'2 (3a) 

E4 =-jbE'l+aE'2 (3b) 
The optical powers at the output of the interferometer can be calculated by determining the 
absolute square of E3 and E4 

P3 = [a4 +b4-2a2b2 cos(ßAL)]EQ2 (4a) 

P4 = [2a2b2 + 2a2*2 cos(ßAL)]E0 2 (4b) 

If the splitting ratio a2 = 0.5 + 8 and b2 = 0.5-5 in each fiber coupler, then the maximum optical 
power from port #4 is 1- 452 for small 8. Specifications for the couplers we used in this project 
(AOFR model S50-13-10-a) indicate that 5 < 0.02, so that the maximum crosstalk due to splitting 
ratio mismatch would be 0.0016, or -28 dB. 

2.1.2 Optical path length match. 

For use of the switch with semiconductor laser light sources, best crosstalk performance 
requires that the optical path lengths of the interferometer arms be very closely matched. 
Otherwise, voltages corresponding to the two states of the switch will differ for the different 
longitudinal modes of the laser. This is particularly important for Fabry-Perot lasers, but must 
also be considered for distributed feedback lasers when switch crosstalk levels below -20dB are 
sought. 

Fig. 8 shows a setup for determining the crosstalk of an all-fiber Mach-Zehnder 
interferometer as a function of optical path length difference. The Mach-Zehnder interferometer 
was prepared with length differences of the two arms of less than 2 mm, the shorter arm was 
attached to two linear positioners, and the longer arm to a heater. The optical path length 
difference was changed by adjusting the linear positioners along the fiber axis and the phase was 
changed through 2% radians via thermooptic effect to determine the crosstalk. With a DFB laser 
diode as the light source, the lowest crosstalk is -33 dB at 382 urn of the positioner scale, which 
corresponds to the case that the optical path length is matched. It was also found that -24 dB 
crosstalk can be achieved by matching the interferometer arm lengths to within 30 urn. 

2.1.3 OCDR for optical path difference measurement 

In this work, an optical coherence domain reflectometer arrangement [7], as shown in Fig. 
9, was used to measure the length difference for the two arms of each coupler which would 
ultimately be joined to form a switch. Light from a pigtailed light emitting diode (LED0 is divided 
into two equal parts by a 50:50 fiber directional coupler d. One of the directional coupler 
outputs passes out of the fiber, is collected by an objective lens, and is reflected back into the 
same fiber by a movable mirror. The other output from Ci serves as the input to the directional 
coupler which will be prepared for the Mach-Zehnder interferometer. This light is partially 
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reflected at two well-cleaved fiber ends. This reflected light is detected by a photodectector and 
the signal is amplified before being displayed on an oscilloscope. The output current of the 
photodetector Id is function of the mirror position 1 [8], [9] given by 

Id(I) = k{2 + r(l-ll)cos[27r(l-l,)/X] + r(l-l2)/Ä]} (5) 

where k is a constant, X is the average wavelength of the LED, h and 12 are the lengths of the 
fiber arms to be determined, and y is the degree of coherence of the light. Assuming that the 
spectrum of the LED is Gaussian in shape, then 

HO = exp[-(-^L-)2 ] (6) 
2Vln2Zc 

where Lc is the coherence length of the LED. 
From Eqs. (5) and (6), it is evident that an interference pattern with high visibility will be 

observed when either | l-li| or 11 -12 | is smaller than Lc. Thus moving the mirror as illustrated in 
Fig. 9 (a) will produce a fringe pattern on the oscilloscope when the variable optical path 1 is 
closely matched to either one of the fiber arms. The length difference of the two fiber arms is the 
distance by which the mirror is translated between the two interference peaks divided by the 
effective refractive index of the fiber. Spatial resolution is about 5 um using light source which 
has a 25 urn coherence length. After the length difference of the two fiber couplers is measured, 
the fiber in one of the couplers is cleaved until the two couplers have a closely matched length 
difference for the two arms. Then the two couplers are jointed in series by fusion splicing, the 
longer arm of one being connected to the shorter arm of the other, and vice versa. 

2.1.4 Polarization states of the two interference lights 

Polarization is another factor which affects crosstalk. If the optical inputs to the second 
coupler were orthogonally polarized, then no switching at all would be observed. Moreover, the 
birefringence effect in the interferometer arms can result in a nominal phase difference which is 
dependent on incident polarization. As a practical matter, twisting and straining of the 
interferometer arms were avoided in assembly of the switch to minimize polarization conversion 
[10], [11]. 

2.1.5 Performance 

Two switches were made for a crosstalk performance test, using a 1.3 \xm distributed 
feedback laser as the light source. Crosstalk performance of switch #1 is summarized in Table 1. 
With the setup of Fig. 6, linearly polarized light was coupled into one of the inputs, and the power 
from each port was measured for both states of the switch. This was repeated for each of four 
input conditions corresponding to two orthogonal polarizations and two input ports, data was 
taken using both piezoelectric and thermal tuning for comparison. Worst case crosstalk was -22 
dB in both cases. 

Table 2 shows crosstalk performance of switch #2 with piezoelectric tuning at three 
different temperatures. Worst case crosstalk was -21 dB. It should be noted that the applied 

11 



Table 1. Crosstalk performance of switch #1 (dB), (a) Piezoelectric activation. 

Va = -30.5 V for 1 -> 3 and 2-> 4 (straight through), Vb = 26.6 V for l-> 4 and 

2—> 3 (crossover), (b) thermooptic activation. 

input port #1 input port #2 

TE TM TE TM 

output port #3 -24.6 -25.1 -21.5 -21.0 

output port #4 -21.7 -22.0 -24.9 -22.0 

(a) 

input port #1 input port #2 

TE TM TE TM 

output port #3 -25.5 -22.4 -23.2 -23.5 

output port #4 -23.2 -22.5 -22.9 -25.5 

(b) 

12 



Table 2. Crosstalk performance of switch #2 (dB). 

T=22.5°C 

input port #1 input port #2 

TE TM TE TM 

output port #3 -28.1 -27.1 -24.4 -27.4 

output port #4 -26.1 -26.2 -25.1 -26.9 

T=52.6°C 

input port #1 input port #2 

TE TM TE TM 

output port #3 -23.2 -21.1 -21.3 -22.4 

output port #4 -23.6 -21.7 -21.7 -23.2 

T=70.4°C 
input port #1 input port #2 

TE TM TE TM 

output port #3 -21.0 -22.5 -21.2 -21.3 

output port #4 -21.3 -21.4 -21.3 -22.2 

13 



voltages needed to operate switch #2 as a binary state switch changed drastically with 
temperature. It was found that the nominal phase difference in the interferometer arms was not 
thermally stable, as will be discussed in section 2.5. 

2.2 Switching Time 

2.2.1 Phase modulator design 

Piezoelectrically activated phase modulators have been studied for application in fiber- 
optic gyroscopes and communication systems [12-14]. However, most relevant articles deal 
with frequency domain response, rather than time domain as is the concern in this project. To 
suppress resonances and hold the stress simultaneously is the challenge for designing an optimal 
time domain phase modulator. 

Fig. 10 shows the fiber inside a cylindrical piezoelectric transducer, a design which might 
be expected to provide symmetric stress and minimal polarization disturbance. However, 
experiments show that the switching is strongly affected by acoustic resonances inside the 
cylinder. Fig. 11 shows a configuration in which two small rings are used to hold the fiber, trying 
to avoid acoustic resonances and retain symmetric stress. When this design was tried 
experimentally, however, it was found that strong transverse vibrations disturb the outputs. Fig. 
12 shows a design in which the fiber is glued on a plate type PZT-4 with epoxy. However, in this 
case it is found that strong acoustic waves still exist on the PZT, and the response time is slow 
because the epoxy is too rigid to be expand in a short time. Finally we find an ideal design, as 
shown in Fig. 13, which is gluing the fiber with a thin layer of cyanacrylate adhesive on a 2.5 cm 
X 1.0 cm X 0.5 mm plate type PZT-4. Small acoustic resonance waves can be eliminated by 
putting the piezoelectric transducers in damping oil, as shown in Fig. 14. 

2.2.2 Switching time limit 

Changing the time scale of Fig. 14, the observed 10% - 90% switching time for both the 
voltage and the optical output of the switch was 30 pisec, as shown in Fig. 15. This is the time 
required to charge the 11 nF capacitance of the piezoelectric strips with the switching circuit. A 
second factor related to the response speed of the device is the acoustic wave behavior in the 
piezoelectric transducers and the fibers. 

To investigate the acoustic response of the transducer, a model of forced longitudinal 
vibration of a free-standing bar with structural damping [15], [16], as shown in Fig. 16, is 
developed. Damping can be included in the complex Young's modulus E' where 

E' = E(l+JTi) (7) 

The parameter r\ is the structure loss factor. The longitudinal wave equation is 

E(l + M^ = ps^ (8) 
d1^      d1^ 

where £ is the displacement, p is the density, and s is the cross section area of the bar. The 
solution can be written 
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-9.56ms 2ms/d iu 

(b) 

10.44ms 

Fig. 10. (a) Phase modulator design: bare fiber inside a cylinder type PZT 

(length: 4.4 cm, outer diameter: 6.4 mm, and wall thickness: 1.0 mm), (b) The 

upper trace is the optical output and the lower trace is the applied voltage. 
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Fig. 11. (a) Phase modulator design: two small rings holding the fiber on a 7.9 

cm X 6.4 mm X 1.0 mm plate type PZT. (b) The optical output is the lower 

trace. 

16 



Epoxy 
Optical fiber 

> > > i i > > - > ' > > > ■• ' ■■ > > > > ■ i ' > ' i > ' 11  

Plate PZT 

(a) 

32.5V 

10$* 

•not« 
trig'd 

-67.5V- 
-2.24ms 

jk*M 

If 

500/us/div 

(b) 

2.76 ms 

Fig. 12. (a) Phase modulator design: gluing the bare fiber with epoxy on a 2.5 

cm X 1.0 cm X 1.0 mm plate type PZT. (b) The optical output is the lower trace. 
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Fig. 13. (a) Phase modulator design: gluing the bare fiber with cyanoacrylate 

adhesive on a 2.5 cm X 1.0 cm X 0.5 mm plate type PZT-4. (b) The optical 

output is the lower trace. 

18 



145mV 

C»3 

2BmV 
/div 

♦not» 
trig'd 

m 
jhj 

-55mV- 

^^|«tt^Vl^v^r^J 

|V >fttwwn>«<w-Wli*»lrMy^fr<>'W^ 
tAVni*r •M^i'f'lTiwfi^-^M*!**1 ■^^•>*i''*m^*' 

-2.29ms 500Ats/div 2.71ms 

Fig. 14. The switching of the phase modulator of Fig. 13 with damping oil. The 

resonance waves are suppressed in the optical output (lower trace). 
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Fig. 15. Oscilloscope traces illustrating a 30 usec switching time. The upper 

trace is the voltage across the piezoelectric strips and the lower trace is the 

optical output from the port of the switch initially in the "off" position. 
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£(x,0 = AeKa,-be) +BeJ(a*+kx) 
(9) 

k = (psco21 E{\ + JTJ))m =(o)f c)(l + jrj) m and c is the acoustic wave velocity. The bar is 

forced at x=L/2 with Fe*01 and at x=L/2 with -Fe1"'. The expressions for the boundary conditions 
are 

,mx_r,J&LI2,X) 
FeJ<ot =E's- 

dx 

Fe,.i=E,s£&dM 

(10 a) 

(10 b) 

The total length change A£ will be 

A£(f) = -£(//2,0+ £(-£/2,0 

IF   (eJKL+e -jkL 

jE'sk    {ejkL-e'ikL) 
2)   .„ t ej n (12) 

Assuming the response of the PZT to the applied voltage is linear, then the driving 
waveform is the same as that of the applied voltage, which is illustrated in Fig. 17. The driving in 
force waveform can be written in Fourier series where a>0 = 27r/T, and 2x is the time required for 
charging the piezoelectric transducer. The displacement due to the applied voltage is 

F e jwt Fe iwt 

Fig. 16. Model of Forced Longitudinal Vibration of a Free-Standing Bar 

Fig. 17. Waveform of the Driving Force 
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For a 2.0 cm X 5.0 mm X 0.25 mm PZT-5H piezoelectric transducer, E is 6.1X10   N/m , c is 
2.82 X 103 m/sec, and s is 1.27 X lO^m2. The displacement of each piezoelectric transducer 
needed to induce nil phase shift in the optical fiber is 

A^/2 = (f)X(V(^i)X(I) 
=0.29 um, for X= 1.3 urn (15) 

where n is 1.45, the effective refractive index of the optical fiber, and 0.78 is the effective optical 
path length change due to fiber axis expansion/contraction, which will be discussed in the next 
section. The amplitude of the driving force is A=EsA^/L=l. IN. 

The results of computer simulations of piezoelectric transducer motion are shown in Fig. 
18, 19, and 20. The longitudinal vibration is not serious with waveform without much 
disturbance. The applied voltage has stronger high frequency components with shorter charging 
time. However, the piezoelectric transducer has only weak response to frequencies higher than 
twice its resonance frequency because high frequencies are seriously suppressed by the 
piezoelectric transducer damping mechanism. The remaining high frequencies of the applied 
voltage waveform around the PZT resonance frequency would trigger PZT resonant motions. 
Thus, with 3 usec charging time the piezoelectric transducer is not able to follow the applied 
voltage waveform in such a short time, and serious resonant waves disturb the switching. The 
resonant waves can be suppressed by increasing r\ at the expense of longer switching time and 
larger applied voltage amplitude. 

From these simulations and analysis, it is concluded that faster switching speed can be 
achieved with short charging time and strong damping. Fig. 21 shows switching with 3 jisec 
charging time with insufficient damping, and Fig. 22 is damped by silicone glue containing the 
piezoelectric transducers as well as the fibers. An 8 usec switching time is displayed in Fig. 23, 
which is the shortest switching time achieved with the PZT plate phase modulator, and is in 
agreement with theoretical analysis. 

It should be noted that even though an 8 u.sec switching time is achieved by the 
arrangement of Fig. 24, the polarization is very easily disturbed due to asymmetrical stress along 
the fiber axis and the switching voltage is four times larger than with oil damping. 

2.3 Switching Voltage 

The optical phase change due to stretch a section of fiber is 

AO = — (nAl + Anl) (16) 
A 

22 



B 3. 
< 
H 
N 
P-, 

a; 

"a, 

S 

C 

< 

< 
o 

-16 

log (co) ,co in rad/sec unit 

Fig. 18. The simulations with 30 usec charging time and T| =0.015.   (a) Time 

domain response, (b) Frequency domain response.   In both cases is the 

applied force,  is the response of the PZT. 
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Fig. 19. The simulations with 3 usec charging time and T| = 0.015.   (a) Time 

domain response, (b) Frequency domain response.   In both cases is the 

applied force,   is the response of the PZT. 
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Fig. 21. The switching with 3 usec charging time and damping oil (insufficient 

damping). The upper trace is the voltage across the piezoelectric strips and the 

lower trace is the optical output from the port of the switch. 
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Fig. 22. The switching with 3 (isec charging time and silicone glue as damping 

material (strong damping). The upper trace is the voltage across the 

piezoelectric strips and the lower trace is the optical output from the port of 

the switch. 
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Fig. 23. 8 (isec switching time with 3 usec charging time and silicone glue as 

damping material (strong damping). The upper trace is the voltage across the 

piezoelectric strips and the lower trace is the optical output from the port of 

the switch. 
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Piezoelectric transducer 

Silicone glue 

Fig. 24. Silicone Glue used as a Damping Material 

where X is the vacuum wavelength, n is the unperturbed effective refractive index of the fiber, and 
1 is the unperturbed length of the stretched fiber. The change in the refractive index can be written 
in terms of the strain by using the contracted photoelastic tensor elements pi 1 and pl2 [17] 

A« = -y[pl2-cr(pll + /7l2)]y (17) 

where a is the Poisson ratio and Al/1 is the longitudinal strain. The quantity -aAl/1 is the 
transverse strain. Due to the assumed circular symmetry of the fiber, this expression holds for 
both states of polarization. Combining Eqs. (16) and (17), the phase shift may be expressed in 
terms of the length change 

m = 2m^L{l_^[(l_a)pl2_opU]] (18) 
Ä 2 

using the parameter values, n=1.46, pll =0.12, pl2 = 0.27, and a=0.16, we find that the 
contribution due to the change in refractive index (n2/2) [1-a) pl2-ap 11] =0.22 is smaller than, 
but not insignificant in comparison to, the contribution due to the direct length change. 

To change the state of the switch, the applied voltage must alter the relative path lengths 
of the interferometer arms by % radians. Minimum switching voltage is achieved by attaching 
PZT elements to both arms of the interferometer, and connecting them so that the applied electric 
field in one is in the direction of the poling axis and in the other is opposite to the poling axis. 
This results in expansion of the fiber in one arm of the interferometer, and contraction of the other 
- and both effects contribute to the path length change. 

The displacement of a plate type piezoelectric transducer due to an applied voltage is 
d VT 

AL = ^^- (19) 
thk 

where AL is the displacement, d3i is the piezoelectric charge constant, V is the applied voltage, 
and thk is the thickness. Using two 2.5 cm X 1.0 cm X 0.5 mm PZT-4 strips, d3i is -122 X 10" 
m/V and AL = A^=0.29 urn, the calculated voltage needed for a % radian phase shift is 48 V. It 
is smaller than the observed 57 V of V„ shown in Fig. 13. The difference is thought to result from 
nonlinear piezoelectric transducer response and the mechanical loading of the piezoelectric strip 
by the fiber. 

It is worth noting that the power dissipated in the piezoelectric strip is very small (< 1 
mW) due to large volume resistance (> 1010Q«m) and small capacitance of the piezoelectric strip. 
Most of the energy required to operate the switch is consumed by the electronic circuit. 
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2.4 Insertion Loss 

The observed optical insertion loss of switch #1 is 0.25 dB. This low optical insertion loss 
results from the excellent loss characteristics of the fiber couplers (0.1 dB insertion loss for AOFR 
S501310A) and fusion splices, and provides a large advantage over integrated optics 
counterparts, with typical insertion losses > 5dB. 

2.5 Stability 

Optical phase in optical fiber is very sensitive to environment effects, which is the 
operation principle of optical fiber phase interferometer sensors [18], [19], This all-fiber optical 
switch is also a type of phase interferometer. With the advantages of length match and small 
separation of the interferometer arms, the crosstalk of switch #3 (10 urn arm length difference) 
was below -27 dB for two hours with a fixed applied voltage and constant temperature 
environment around the direction couplers. However, when the temperature changed, the 
crosstalk was less than -23 dB at different applied voltages needed to operate it as a binary state 
switch, as shown in Table 3. This implies that the nominal phase difference is strongly 
temperature dependent. 

Fig. 25 is a setup for testing the temperature dependence of relative phase difference of a 
fiber coupler. The fiber coupler, with 30 um length difference of the two pigtails, had been 
removed from its package and buffer. Light reflected from the two pigtail ends interfered in the 
fusion region and was detected by a photodectector over the temperature range from 25 °C to 70 
°c. The experiments showed that the relative phase changed with temperature, about K radians for 
every 15 °C, although the measurement repeatability was only fair. It is also found that every 

input light 
from a DFB laser 

output light 
detected by a 
photodetector 

I 
| coupler without package 

bare fiber 

well cleaved 
fiber ends 

oven 

Fig. 25. Measurement of the relative phase difference in a commercial fusion tapered fiber 
coupler 
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Table 3. Different applied voltage needed to operate switch #3 as a binary 

" state switch. 

Temperature, °C Applied voltage, V Extinction ratio, dB 

22.2 30.4 -25.8 

26.7 46.7 -25.9 

30.9 53.7 -25.6 

36.6 -28.0 -24.3 

41.2 -14.7 -24.3 

45.3 -39.2 -24.6 

49.0 -25.4 -24.9 

53.5 27.4 -23.1 

60.3 10.9 -23.8 

65.5 28.3 -25.1 

70.9 -29.2 -25.2 

75.3 -27.6 -25.3 

80.4 -20.2 1    -25.2 
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fiber coupler had its unique relative phase-temperature relation. The 7i/2 phase difference comes 
from energy conservation of coupling mode theory. Provided that optical loss is accounted, the 
phase difference does not deviate from rc/2 too much and is not strongly temperature dependent 
[20]. The coupling ratio variation for incident polarization of the fiber couplers is within 1 %, 
corresponding to approximately 1° variation of the relative phase difference by coupling mode 
theory [6]. The diameter of the fusion region in commercial fused-taper fiber coupler is about 30 
urn, very small compared to 2 X 125 um diameter of two optical fibers, moreover the fusion 
region is fragile. In [21], a 10 urn crack was found in the fusion region of a commercial fiber 
coupler resulting from humidity and fatigue due to thermal cycling. The formation of the crack 
can disturb the relative phase difference drastically in the fused-taper fiber coupler. Commercial 
fiber couplers aim at power splitting stability, instead of relative phase stability. Thus, it is 
concluded that some property of the fusion region inherent in the fabrication process is the main 
factor which disturbs the thermal stability of the relative phase difference in the fiber coupler, and 
ultimately contributes to thermal instability in the interferometer switch. 

3. PROGRAMMABLE FIBER-OPTIC DELAY LINE 

Fiber-optic delay lines are very useful in signal processing and high-speed communications 
[22], [23]. The use of optical fiber as a delay medium for signal processing applications was 
proposed by Wilner and van den Heuvel [1], who noted that fiber delay lines were attractive due 
to their low loss, low dispersion and high time-bandwidth (TB) product. The time-bandwidth 
product of single mode fibers is greater than 1,000,000. If the fiber is used for binary data 
storage, the number of bits is approximately equal to the TB product. A silica fiber provides 5 us 
of delay per kilometer of length, so that a long single-mode fiber can store giga-hertz signals for 
time periods of hundreds of microseconds. This project is devoted to the programmable fiber- 
optic delay line illustrated in Fig. 2. 

3.1 Algorithm and Architecture 

The delay time is a function of all the optical switch states and the architecture of the delay 
lines and switches. In each stage of the delay line, the light is switched through either a short fiber 
or a longer fiber. In each case, the delay difference is an integer multiple of a unit time delay T. 
Total delay is the sum of the delays for the individual stages. With m stages, the delay can be 
varied in units of T from 0 to (2m-l) T in units of T, for a total of 2m different delay times. 

Illustrated in Fig. 26, the delay time is changed from 0 to 12 T when the state of switch #2 
is changed and others unchanged. Using the other input port with the same action, the delay time 
is changed from 15 T to 3 T, as shown in Fig. 27. 

Consider the case with input port #1. For a time delay of N T, N can be decomposed as 

N = T0X2° +TxX2l + T2X22 + T2X23 (20) 

where T; is either 1 or 0, which means the light is routed through a long or short fiber. 
Take the 12 unit time delay with input port #1 for example, 12 = 0 X 2°+0 X 21 + 1 X 22 + 

1 X 23. Therefore, the switching states from #0 to #3 are straight through, straight through, 
crossover, and straight through, as illustrated in Fig. 26. 
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Fig. 26. Delay time changed from 0 to 12 unit time with input port #1 and action 

of switch #2. 
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Fig. 27. Delay time changed from 15 to 3 unit time with input port #2 and action 

of switch #2. 
33 



If the input port is #2, then the routing is opposite to that with the input port #1. For the 
9 unit time delay with input port #3, 9 = 1 X 2° + 0 X 21 + 0 X 22 + 1 X 23. Thus, the switching 
states from #0 to #3 are straight through, crossover, straight through, and crossover. 

The 16 time delays with their corresponding switch states and input ports are summarized 
in Table 4. 

3.2 System Performance 
The delay line illustrated in Fig. 2 was composed of four piezoelectrically controlled 

Mach-Zehnder switches with crosstalk less than -22 dB, optical fibers of length of 2 m, 4 m, 8 m, 
and 16 m, and one 2X2 directional coupler. The system was tested by directly modulating a 
single mode laser with a pulsed signal (2 nsec width, 250 nsec period) from an Avtech Electro 
Systems AVM-1-C-0P pulse generator. The output signal was detected by a germanium 
avalanche photodetector with 30 V reverse bias and displayed on the Tektronix 11201A digitizing 
oscilloscope. 

The 16 different time delays are demonstrated in Fig. 28 by appropriately setting the states 
of these switches with the algorithm discussed in the previous section. The 16 time delays are 0, 
10, 20,..., and 150 nsec (we regard the signal through the shortest path as zero time delay). The 
total system loss (the optical power after the 2X2 directional coupler H- the optical power before 
the first optical switch) was measured to be 4.9 dB, which included 3.1 dB loss of the 2X2 
directional coupler at the system output. Thus, the loss in the four switch stages was 1.8 db, or 
0.45 db per switch stage (0.25 dB from switch and 0.2 dB from fusion splices with delay lines). 

A detailed description of experimental procedures and results on the switches and delay 
line experiments is given in Refs. 30 and 31. 
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Table 4. The 16 time delays with their corresponding switch states and input 

ports. S represents straight through; C represents crossover. 

switch input port 

#0 #1 #2 #3 #1 #2 

s s s s 0 15 

c c s s 1 14 

s c c s 2 13 

c s c s 3 12 

s s c c 4 11 

c c c c 5 10 

s c s c 6 9 

c s s c 7 8 

s s s c 8 7 

c c s c 9 6 

s c c c 10 5 

c s c c 11 4 

s s c s 12 3 

c c c s 13 2 

s c s s 14 1 

c s s s 15 0 

delay time 
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Fig. 28.   (a) Results of the programmable optical fiber delay line with time 

delays of 0,10, 20, and 30 nano seconds. 
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Fig. 28.   (b) Results of the programmable optical fiber delay line with time 

delays of 40, 50,60, and 70 nano seconds. 
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Fig. 28.   (c) Results of the programmable optical fiber delay line with time 

delays of 80, 90,100, and 110 nano seconds. 

38 



21mV 

1 
5mV 
•dW 

. ,j v ^P^^«^Ä^AV^«1VI1-^ 

-29mV- 
-195.6ns 20ns/div 4.4ns 

Fig. 28.   (d) Results of the programmable optical fiber delay line with time 

delays of 120,130,140, and 150 nano seconds. 
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4. BROADBAND SEQUENCE GENERATOR 

A new method for implementing broadband tapped delay line signal processors has been 
investigated. The fiber optic processor utilizes N 2x2 optical couplers connected in series to 
generate and correlate 2N-bit sequences. The simplest configuration generates and correlates 
fixed (hard-wired) sequences, but programmable sequences can be implemented by incorporating 
2x2 optical switches into the design. Bipolar sequences will be generated by subtracting the 
outputs from two independent sequence generators operating in parallel, and a correlator design 
for eliminating spurious correlation peaks will be implemented. Ways to improve the speed of all- 
fiber 2x2 switches will also be investigated. 

The basic configuration for the sequence generator / correlator is illustrated in Fig. 29. A 
light pulse coupled into an input optical fiber is split into two pulses of approximately equal 
intensity by a 3 dB optical coupler. The two pulses travel through two fiber sections of different 
length, corresponding to a time difference of T\, and then reach a second 3 dB coupler. The two 
pulses incident on that coupler are split into four pulses which then traverse two fiber sections of 
length difference T2. This process continues until 2^ pulses reach the N+l'st coupler. Light 
passing through that coupler is then converted to an electrical signal by a photodetector. 

The time delays differences Tj, i=l,...,N, are chosen such that each is greater than the 
input pulse width x, and no two of the Tj's are equal. Furthermore, the Tj's are chosen such that 
no sum of a subset of Tj's equals the sum of another subset of the Tj's, to ensure that 2^ pulses 
are generated. The first pulse to reach the photodetector is the one which travels through the 
shortest length of fiber between each pair of couplers. The next pulse to reach the photodetector 
travels through the shortest interconnecting fibers except for one - the fiber corresponding to the 
shortest time delay difference Tj (T; < Tj, i * j). The time of arrival of subsequent pulses is 
determined by the values of the Tj's. The last pulse from the sequence generator is delayed 
relative to the first pulse by a time Ts given by 

N 
Ts = Z Ti. 

1=1 

The output pulse sequence is illustrated in Fig. 1 for the case that T\ = 3x, T2 = 8 x, and T3 = 20 
x. In this example, 8 pulses are generated over a time period of Ts = 31 x. Thus, we see that with 
11 couplers in sequence we obtain 1024 output pulses, and with 21 couplers, over 1,000,000 
pulses are generated for each incident pulse. 

It may be necessary or desirable to boost the optical power level of the pulses at the 
output of the sequence generator by inserting one or more optical amplifiers (either 
semiconductor or Enfiber, for example) into the fiber lines at some point between the light source 
and photodetector. 

The sequence generator of Fig. 29 also can be used as a correlator for the sequence it 
generates. The primary correlation peak occurs at a time Ts relatye to the time that the first pulse 
reaches the output of the correlator. However, secondary peaks are also obtained at times T' 
which satisfy 
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r = TS ± i Ti, 

where in this case the sum is over any subset of the T,'s. These secondary peaks can be within a 
factor of 2 in amplitude of the primary peak. Thus, the device of Fig. 29 used by itself as a 
sequence generator and correlator has limited utility for signal processing. 

However, this problem can be overcome by using two of the sequence generators of Fig. 
29 to produce bipolar sequences, and two identical devices to perform the correlation. The 
bipolar sequence generator is illustrated in Fig. 30. The input pulse is split into two by a fiber 
coupler, and the two pulses serve as inputs to "+" and "-" sequence generators with delay times 
Ti+ and T;_, i=l,..., N. The optical outputs from the two sequence generators are converted to 
electrical signals by separate photodetectors, and the photodetector outputs are subtracted using a 
differential amplifier. The result is a bipolar sequence, illustrated in Fig. 30 for the case that Ti+ 
= 3 T, T2+ = 8 x, T3+ = 20 x, Ti_ = 2 x, T2. = 4 T, and T3_ = 13 x. 

Experimental results corresponding to the diagrams of Figs. 29 and 30 are given in Figs. 
31 and 32, respectively. In the experiments a 1.3 urn semiconductor laser diode was 
pulsemodulated to inject 0.6 ns-wide pulses into the delay network. 
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Fig. 29. Configuration for Fiber Optic Sequence Generator 
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5. DESCRIPTION OF INTRUSION SENSOR SYSTEM 

The intrusion sensing system analyzed in this report is intended to detect, locate, and 
classify intruders over long perimeters [32,33].   One or more fibers contained in a buried cable 
serve as distributed sensors. Each sensor responds to the pressure of an intruder passing over or 
near it, as well as to acoustic waves transmitted through the soil from more distant disturbances. 
Low-flying aircraft might also be detected and located from the acoustic waves they produce. 
After the presence of an intruder is detected, a signal processor applies a signature analysis 
algorithm to the raw sensor data to distinguish between people, animals, vehicles, and aircraft. 
An alternative deployment is to bury the sensor cable under the bed of a lake or river or under the 
ocean floor to detect boat traffic or swimmers. 

Fig. 33 illustrates system deployment and the presentation of processed sensor information 
to users. A monitoring site at one end of the sensing cable contains optical and electronic 
components, including a laser, a photpdetector, and a signal processor. The raw sensor data is 
processed to detemine the location and classification of each intruder, and this information is 
displayed in user-friendly fashion. A zoom feature is provided for high-spatial-resolution display 
of intruder activity over a portion of the perimeter being monitored. 

The distributed intrusion sensor proposed here is configured as a coherent optical time- 
domain reflectometer (coherent OTDR). Conventional (non-coherent) OTDR equipment is 
widely used in the telecommunications industry to locate breaks in fiber optic cables. A schematic 
illustration of a conventional OTDR system is shown in Fig. 34. In such a system, light pulses 
from a semiconductor laser are injected into one end of the fiber, and the light returned from the 
fiber as a result of Rayleigh backscattering is monitored with a photodetector. Rayleigh 
scattering is a phenomenon in which inhomogenieties frozen into the fiber when it cools during 
drawing act as a microscopic scattering centers, as in Fig. 35. The light is scattered in all 
directions from these centers, but only that scattered in the backward direction and captured in the 
core of the fiber is detected by the OTDR. Discontinuites in the plot of reflected power vs. time 
indicate the presence and location of breaks or localized sources of attenuation in the fiber. 
However, conventional OTDR is not nearly sensitive enough to either pressure or acoustic waves 
to be used in intrusion sensing. An optically coherent OTDR which makes use of interference 
between light waves backscattered or reflected from different parts of the fiber will be needed to 
achieve the required sensitivity. 

The baseline design for the coherent OTDR intrusion sensor is illustrated schematically in 
Fig. 36. Both buried and underwater deployment of the distributed sensor are possible. For 
underground deployment, we envision a small (~ 2.5 mm or 0.1" diameter) fiber cable buried 30 
to 60 cm (l1 to 2') beneath the surface. The fiber acts as a pressure sensor; that is, the pressure 
from the weight of the intruder on the surface of the soil near the sensor causes a change in the 
phase of the optical carrier propagating in the fiber. The fiber also is sensitive to acoustic waves 
transmitted through the soil. As with conventional OTDRs, light pulses from a laser are injected 
into one end of the fiber, and the returned light from the fiber is monitored with a photodetector. 
The difference in comparison with conventional OTDRs is the high degree of coherence of the 
light source.   The coherent OTDR needs a light source spectral width of the order of 10 - 100 
kHz, vs. 1 GHz or more for the conventional OTDR. To achieve the narrow spectral width, the 
laser is operated continuously and the pulse is gated with an external modulator that is quickly 
turned on and off. The phase shift in the optical carrier caused by the intruder's presence is 
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converted to an intensity change by optical interference at the photodetector, in the system 
illustrated in Fig. 36. The photodetector's analog output signal is digitized and processed in a 
time-resolved manner, as in pulsed-radar signal processing. A change in the amplitude of the 
returned signal in a particular time bin indicates the presence of an intruder at the location 
corresponding to that time bin, as illustrated schematically in Fig. 37.   Further processing of the 
data will minimize false-alarm rates; e. g., by using signature analysis to distinguish human 
intruders from animals and weather-related phenomena. 

During the course of the analysis, it has been determined that modifications to the original 
system design can give significantly improved detection range (length of the distributed sensor) or 
range resolution. The first new design involves the use of polarization-resolved detection of the 
return light from the sensing fiber, as in Fig. 38. In this case, the light is separated into four 
independent polarization components which are separately detected and processed. 

Implementation requires only a modest increase in system complexity and cost over the 
baseline approach of Fig. 35. The second alternative design makes use of reflecting splices 
inserted along the length of the fiber, as in Fig. 39. This alternative will require significant 
modification to the fiber cable. 

6. COMPONENT SELECTION FOR INTRUSION SENSOR SYSTEM 

Parameter values for commercially available components were used for obtaining numerical 
results in the analysis of system performance.   In making the component selection, the following 
system parameters were used as guidelines: 

TABLE 5. DESIRED SYSTEM PERFORMANCE PARAMETERS 

parameter 

range (km) 
range resolution (m) 
signal frequency range (Hz) 
cable burial depth (max, cm.) 

longer range, lower 
resolution system 

20 
100 

3-300 
60 

shorter range, higher 
resolution system 

20 
3-300 

60 

The components indicated below are the baseline for the analysis. 

Light source. The laser must operate continuously with a very narrow linewidth at a wavelength 
near a transmission window for low-loss silica fiber (i. e., 1.3 urn or 1.55 urn). The only type of 
commercial laser which meets these requirements is the Nd:YAG laser pumped by a 
semiconductor laser (diode-pumped YAG laser). We have selected the Model 123-1319-040-F 
laser supplied by Lightwave Electronics of Santa Clara, CA which has the following 
specifications: 

configuration: non-planar ring 
wavelength: 1.319 um 
output coupling: single mode fiber, via Faraday isolator 
output power: > 40 mW 
linewidth: < 5 kHz over 1 msec 
frequency drift: < 75 kHz in 1 sec 

49 



Signal from 
Differential Amplifier 

11 

-*- Time 

Effect of Intruder 

Fig. 37. Response of coherent OTDR to localized phase perturbation in fiber. 

Pusled 
laser 

Faraday 
isolator 

Photo 
detector 

3 ou 
90 

Polarizing 
beam splitters 

<fcs 45v 

Photo 
detector 

135 

Photo 
detector 

Sensing fiber 

Fig. 38. Coherent OTDR with polarization discrimination. 

50 



Light pulse 

Low reflectance mirrors 

Fig. 39(a). Fiber with reflective splices. 

Pusled 
laser 

Photo 
detector 

Photo 
detector 

Faraday 
isolator 

Polarizer 

0 
p 

31 
45 

Polarizer 

Sensing fiber 

I   1   I   I   I • I lllllll 

Low reflectance mirrors 

Fig. 39(b). Coherent OTDR using fiber with reflective splices. 

51 



fast frequency tuning means: intracavity piezoelectric 
frequency tuning response bandwidth: > 100 kHz 

In the intrusion sensor system, the laser frequency will be locked to a fiber ring resonator using 
the piezoelectric element for frequency tuning to reduce the drift to < 5 kHz over 1 sec. 

Optical modulator: The optical modulator gates the light from the laser into a single mode fiber 
to produce a short (100 ns - 1 us) pulse of highly coherent light. A suitable modulator is Model 
m2112AA, an electrooptic device supplied by AT&T Microelectronics, Allentown, PA which has 
the following specifications: 

input and output coupling: single mode fiber 
design wavelength: 1.3 urn 
insertion loss: < 3 dB 
modulation bandwidth: > 4.0 GHz 

Optical coupler: The optical coupler splits the incident light into equal-amplitude components 
(50:50 splitting), thus performing the function of a beam splitter in the sensor system. A suitable 
coupler is Model SMBC-50/50-A-1300-2x2 from Ipitek, Carlsbad, CA which has the following 
specifications: 

input and output coupling: single mode fiber 
design wavelength:  1.3 urn 
splitting ratio: 50%/50% ± 2% 
excess loss: < 0.1 dB 

Sensor cable: The cable containing the sensing fiber should be small yet rugged and suitable for 
buried deployment. The single fiber tactical cable Model LTC-1SXS-AX, supplied by AT&T 
Network Systems, Norcross, GA is suitable for the intrusion sensor demonstration. It has the 
following characteristics: 

fiber type: single mode 
core diameter: 8.8 urn 
cladding diameter:  125 urn 
buffer material: hytrel 
tensile strength members: aramid yarn 
outer j acket: polyurethane 
cable diameter: 2.5 mm 
tensile strength: >270N 
cabled fiber attenuation @ X = 1.3 urn: < 0.4 dB/km 

Optical receiver: The optimized optical reciever is very similar to those used in communications, 
which are designed for minimum noise at low optical signal levels. The desired photodiode 
characteristics are high quantum efficiency, low capacitance, low dark current, and high 
bandwidth. The Model NDL5405 phtodiode from NEC is suitable for this application. 
Characteristics are: 

structure: InGaAsPIN 
diameter of active area: 80 urn 
quantum efficiency: > 80% 
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dark current: 0.1 nA (typical) 
capacitance: <1.5pF 
rise time: < 1.0 ns 

A transimpedance design will be used for the FET preamplifier. The high bandwidth (« 500 
MHz) of the photodetector will make it possible to overcome thermal noise by using a large value 
for the feedback resistor in the preamplifier. 

7. SIMULATIONS OF INTRUSION SENSOR SYSTEM PERFORMANCE 

In the coherent OTDR of Fig. 36, a light pulse of width x is coupled into the fiber and the 
backscattered light is converted to an electrical signal of duration T, where T = 2L/(ngC), with L 
the fiber length, ng the group refractive index for the fiber mode, and c the free-space velocity of 
light. For a silica fiber, T = 10L, with T in us and L in km. Thus, for a 20 km fiber, the duration 
of the return signal is 200 |is. The spatial resolution Az is of the order of 2xngC, or Az * lOOx, 
with Az in m and x in u.s. For a pulse width x =1 u,s, then Az « 100 m. 

The signal processor divides the return signal into time bins of temporal width ax, with a 
an adjustable parameter which is typically taken to be in the range betwen 0.5 and 1.5. Thus, the 
j'th time bin contains the accumulation of the charge generated by the photodetector during the 
time interval jax < t < (j+l)ax, with the time t measured with respect to the initiation of the laser 
pulse. The signal processor accumulates the charge in each time bin over N pulses and stores the 
result as {Cj}K, where the j is the index of the time bin and K is the index of the N-pulse average. 
This process is repeated and the newest accumulated values in each time bin {Cj}K+1 are 
compared with their previous counterparts. The signal processor is seeking significant changes in 
a time bin | Cj K+M - Cj KI > ßj, with ßj a threshold value and M = 1,2,3,..., to indicate the 
possible presence of an intruder.   Larger values for ß^ give a smaller false alarm rate due to 
statistical fluctuations, but a greater probability of missing an intruder. 

The analytical model used for predicting the coherent OTDR performance treats the 
scattering centers as a large number of reflectors, each with reflectance r, randomly distributed 
along the length of the fiber.    The return light wave in the fiber which reaches the photodetector 
is composed of a large number of wave with amplitudes {A^}, where \ represents the 
contribution from the n'th reflector. Thus, the resultant amplitudes Ax and Ay for light polarized 
in the x- and y-directions, respectively, can be written 

Ax = Z VosW expO^xn). C1) 

A^IVinOF^expCkiy) (2) 

where (^ and (J)™ are the corresponding phases of the polarization components for the wave 
returned from the n'th reflector, x¥n determines the relative amplitudes of the x- and y- 
polarizations for that wave, and the detected power P = I Ax |2 + I Ay |2.    Here, the z-axis 
corresponds to the axis of the fiber. The assumed random spatial distribution of the reflectors has 
the effect of randomizing the phases {§m } and {(Jy}, and it is also assumed that the polarization 
angles {Y^ are random.   This latter assumption is justified by the fact that cabled fibers show 
random birefringence along their lengths. 
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To simulate the response of the coherent OTDR, it is assumed that the light source is 
monochromatic at a wavelength of 1.3 um and that the modulator passes a square pulse of light of 
width x. The average spacing 8 for the mirrors is taken to be 0.1 m, much less than the spatial 
resolution of the OTDR. The appropriate value of the mirror reflectance r is determined by 
noting that the total Rayleigh-scattered power PR experienced in propagating distance 8 is related 
to the power incident on that section Pj by 

PR = aSPi, (3) 

with a the attenuation factor of the fiber, in units of length"1. Thus, a = (loss in dB/km)/4.343. 
For X = 1.3 urn, the empirical loss of 0.43 dB/km corresponds to a value a = 9.7 x 10"5/m. From 
eq. (3), it follows that the appropriate value for r is given by 

r = a8F, (4) 

with F the fraction of the Rayleigh-scattered power which is coupled into the fiber core in the 
reverse direction. It is easily shown that 

F = .375 (NA/nf)2, (5) 

with NA the fiber numerical aperture and nf the fiber refractive index. For a typical fiber with 
NA = 0.11 and nf = 1.46, it follows from (5) that F = .0021. Using the numerical values indicated 
above for these parmeters, it follows from (4) that r = 9.7 x 10"5 x 0.1 x .0021 = 2.037 x 10"8. 
Thus, the simulation models the Rayleigh backscattering effect as reflection of the incident light 
by randomly located mirrors of reflectance 2.037 x 10"8, with an average spacing between the 
mirrors of 0.1 m. 

The average number of <Npj > of photoelectrons in time bin j of temporal width ax is 
calculated based upon the power coupled into the fiber and the various sources of optical loss 
between the light source and photodetector. The statistical noise in the photodetector then has a 
quasi-Gaussian distribution with a standard deviation a = [<Npj > + <Ndj >]1/2, where <Ndj > is 
the average number of dark-current electrons per time bin. The effect of the intruder is modeled 
as a point phase perturbation A<j>; i. e., the phase of the light changes by A<J) in passing through 
the site of the perturbation. A threshold level ßj is set such that if I CjK+M - CjK I > ßj, for any 
value of A<|>, an alarm is indicated.   Here Cj K is the number of photoelectrons, averaged over N 
pulses, in the absence of a perturbation; and CjK+M is the corresponding value after the 
perturbation is applied. The value of the threshold ßj is set to give an acceptably low probability 
of false alarm due to statistical fluctuations alone; e. g., a statistical false alarm probability of 10-10 

corresponds to ßj = 6.5 o. 
The simulation used the Monte Carlo method to set the locations of mirrors in the fiber 

and the polarizarion of the reflected light from each mirror for each trial. The width of the light 
pulse x was chosen to be consistent with the desired spatial resolution, and the threshold levels 
{ßj} were determined based upon an assumed statistical false alarm probability of 10'10. The 
number of photoelectrons in a particular time bin was calculated before and after the phase 
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perturbation was applied. If the perturbation-induced change in the number of photoelectrons did 
not exceed the threshold, then a missed intruder was indicated. The number of missed intruders in 
a total of 10,000 trials was determined for time bins at different ranges. In this manner, the range 
consistent with a particular range resolution and missed intruder probability was determined. 

The following parmeter values were used in the simulation: 

wavelength: 1.3 urn 
power coupler from laser into fiber: 40 mW 
fiber attenuation: 0.43 dB/km 
optical loss in optical modulator: 3 dB 
excess loss in fiber coupler: 0.1 dB 
photodetector dark current: 0.1 nA 
photodetector quantum efficiency: 0.8 
polarizer excess loss: 0.2 dB 
number of light pulses N used in computing time-bin averages: 10 

In the simulations invoving the use of internal mirrors in the fiber, these values were used: 
mirror reflectance: 0.001 
mirror loss: 0.05 dB. 

An example of the simulated temporal response of the coherent OTDR based upon 
Rayleigh backscattering without polarization discrimination is given in Fig. 40. The localized 
(point) phase perturbtion in the fiber produces a change in the OTDR signal over a time period 

equal to the pulse width T. 
Results of the simulation for the dependence of range resolution on range are given in 

Figs. 41 and 42. These results clearly show the superiority of the Rayleigh backscattering 
approach to the one utilizing the internal fiber mirrors for ranges > 2 km. The internal mirror 
approach without polarization discrimination has an inherent fading problem which occurs when 
the polarization of the light reflected from one mirror, at the photodetector, is very nearly 
orthogonal to the polarization of the light reflected from the adjacent mirror. In that case, the 
effect of the localized phase perturbation on the detected power in a particular time bin (i. e., 
interferometer fringe visibility) becomes very low, and the probability of missing the intruder is 
correspondingly increased. 

Polarization discrimination eliminates the fading associated with the internal mirror 
approach, and in this case a greater attenuation is allowable between the laser and photodetector 
than any of the other three cases. This is because a larger fraction of the incident light is reflected 
in the fiber, and statistical fluctuations in the reflected power are almost eliminated. However, in 
comparison with the Rayleigh backscattering cases the greater allowable attenuation is more than 
offset at longer ranges by increased attenuation in the fiber due to the presence of the mirrors. 
For example, for 100 m resolution there are 10 mirrors per km which produce an increase in the 
loss of 0.5 dB/km - 10 times the individual mirror loss of 0.05 dB. Thus, the total fiber loss with 
mirrors is 0.93 dB/km, vs. only 0.43 dB/km for the Rayleigh backscattering cases. Only for 
ranges less than 2 km, where the fiber attenuation is less important, does the internal mirror 
approach with polarization discrimination show better range resolution than the Rayleigh 
backscattering cases. 
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For coherent OTDR based upon Rayleigh backscattering, the use of polarization 
discrimination produces an improvement in range resolution of roughly 50%. Polarization 
discrimination requires the use of additional components (polarizers, couplers, photodetectors) 
and leads to a moderate increase in system cost and complexity. It is recommended that both 
Rayleigh backscattering approaches be explored during the Phase 2 feasibility demonstration. 

The results presented above in Figs. 41 and 42 assume that the laser emits a single 
frequency of light; i. e., that it has perfect spectral purity. Actual lasers, of course, do not meet 
this ideal, exhibiting a finite linewidth as well as frequency drift with time. From a system design 
standpoint, the degree of laser stability required is an important issue. The simulations were thus 
extended to include the effect of laser frequency drift. In particular, for cases considered in Fig. 9, 
the random frequency change in the laser which causes an effective noise level equal to the shot 
noise were determined. It is concluded that frequency drift of a commercial laser such as the 
Model 123-1319-040-F diode-pumped Nd: YAG laser supplied by Lightwave Electronics of Santa 
Clara, CA with a specified frequency drift of less than 75 kHz/sec, will not significantly increase 
the noise of the system. 

8. COMPARISON WITH COMPETING INTRUSION SENSOR APPROACHES 

Fiber optic systems for intrusion sensing are offered commercially in the United States by 
three companies: Stellar Sytems, Fiber SenSys, and Mason & Hanger. Some of the features of 
these systems are described below: 

Stellar Systems of Santa Clara, CA a subsidiary of Pilkington in England, markets a line 
of fiber optic sensors using technology developed by the parent company, . One of their products 
uses a fiber optic strand encased in a steel-barbed tape. The intruder has to break the tape to be 
detected. The second product is a buried fiber pressure sensor. The fiber can be up to 1 km in 
length, and the fiber cable is buried about 2" beneath the surface. An intruder stepping on the 
ground above the cable will be detected as a result of the pressure-induced increase in the 
attenuation of the buried fiber. Both systems use multimode, step-index fiber and LED light 
sources. 

A somewhat more sophisticated system which uses a semiconductor laser light source and 
graded-index multimode fiber is offered by Fiber SenSys of Beavertown, Oregon. In this case, 
the pressure of the intruder causes optical coupling between modes of the fiber. By detecting the 
change in optical output from part of the fiber core, the intruder is sensed. It is recommended 
that the sensor cable be deployed in a serpentine manner at a depth of 3" to 6" under gravel. 

The system offered by Mason & Hanger of Huntsville, Alabama, system uses ordinary 
single mode telecommunications fiber. Its configuration is that of a Sagnac interferometer, best 
known for its use in gyroscopes. The sensing fiber can be as long as 60 km. Its most popular 
deployment is on fences. For underground deployment, a  4"-6" burial depth is recommended. 

With the Mason & Hanger sensor configuration, a phase perturbation in the fiber loop has 
the same effect on both counterpropagating beams and does not result in a change in the sensor 
output. Thus, it must be nonreciprocal polarization effects which give the observed signal in 
response to an intruder. The sensitivity of a sensor which relies upon polarization coupling is 
orders of magnitude lower than that of an interferometric sensor, which responds to phase 
perturbations. This explains the relatively shallow burial depth, about the same as for the Stellar 

59 



and Fiber SenSys systems which use multimode cable - an indication that interferometric 
sensitivity is not attained in the Mason & Hanger product. 

None of these systems would appear to be cost-effective for monitoring tens or hundreds 
of km of border terrain. For the Stellar, Fiber SenSys, and Mason & Hanger systems, the sensor 
determines the presence of an intruder but not his location along the fiber cable. A large number 
of individual sensor systems would thus be needed to locate intruders to 100 m or less over long 
perimeters of border terrain. Maintenance of all these systems and transmission of the data to a 
central processing site would add to the already prohibitive expense. It would be very difficult to 
maintain covertness because of the large number of terminal boxes required. The 2"-6" burial 
depth is too shallow to be practical in many areas.   The Army/Texas A&M system has the 
potential to overcome these difficulties. A comparison of the three products with the proposed 
sensor is given in Table 6. 

TABLE 6. COMPARISON OF BURIED FIBER OPTIC INTRUSION SENSORS 

light source type 
light source X (\xm) 
fiber type 

photodetector 
max. length L (km) 

# sectors/fiber 
burial depth (cm) 

lateral range (cm) 

Fiber SenSys 
laser diode 
0.8 urn 
graded-index 
multimode 
Si PIN 
0.6 

1 
7.5-15 
(under gravel) 
25 

Stellar Systems 
LED 
0.8 [xm 
step-index 
multimode 
Si PIN 
1.0 

15 

Mason & Hanger 
laser diode 
1.3 or 1.55 |im 
single mode 

InGaAs PIN 
60 

1 
10-15 

not specified 

Army/Texas A&M 
Nd: YAG laser 
1.3 urn 
single mode 

InGaAs PIN 
28 (100 m resolution)* 
12 (20 m resolution)* 
280-600 
30-60** 

200 ,** 

♦Based upon simulation results; assumed statictical false alarm probbility 
probability = 10-3 

**Based upon experiments with a buried Michelson interferometer. 

10-10, missed intruder 
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9. CONCLUSIONS 

9.1. All-Fiber Switch 

A four-port, all-fiber optical switch was developed. The switch was configured as a 
Mach-Zehnder interferometer, with piezoelectric transducers (PZTs) attached to the two fibers in 
the interferometer arns. Switching was accomplished by applying appropriate voltages to the two 
PZTs. The switch exhibited the following characteristics: 

operating wavelength: 1.3 u.m 
optical insertion loss: 0.25 dB 
crosstalk: <-21 db 
switching voltage: 57V 
switching speed (10%-90%): 8 |isec minimum; 

30 (isec for practical application 

The all-fiber switch compares favorably with its integrated optic and thermooptic 
counterparts [4], [5]. A major drawback of the delay line using integrated optic switches is high 
insertion loss, which makes multistage switch delay line impractical without signal amplification. 
A second difficulty with integrated optic switches is the polarization sensitivity, which leads to the 
requirements of expensive polarization maintaining fiber. With thermooptic switches, the system 
reconfiguration time is larger than 2 msec and the switch states are difficult to maintain. 

9.2. Programmable Delay Line 

An algorithm for a delay line with a multistage 2x2 switches architecture was developed. 
A 4-stage, 150 nsec programmable delay line with the configuration of Fig. 2 was demonstrated. 
24 = 16 different time delays were achieved with four 2x2 all-fiber piezoelectrically actuated 
optical switches. The system loss was 4.9 dB. 

9.3. Distributed Intrusion Sensor 

The coherent OTDR fiber optic intrusion sensor offers some revolutionary features not 
attainable with any other technology. In particular, there is no distributed sensor which provides 
the means to locate as well as to detect intruders. Referring to Table 6, p. 60, up to 600 sectors 
can be provided along the length of the fiber cable. The coherent OTDR would thus replace up to 
600 individual sensors, as well as the means to transmit the signals from the 600 sensors to a 
central location for processing. 

The second key advantage of the coherent OTDR is its ability to detect an intruder 
crossing over a cable deployed in linear fashion. This is possible because of the large (2 m) lateral 
detection range possible only with an interferometric (coherent) sensor. With the other fiber optic 
sensors of Table 6, the lateral range is limited to a few inches because of the low sensitivity of 
noninterferometric approaches. The short lateral range means that an intruder can escape 
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detection by stepping over a linearly deployed cable, so it has to be wound back and forth in 
serpentine fashion. 

The buried deployment of the fiber optic sensor without the need for radio transmission of 
the sensor information is a major advantage over conventional seismic, infrared, and magnetic 
intrusion sensors.    At an estimated installed cost of about $5 K / km for long perimeters, the 
fiber optic system should be more affordable than any of the competing technologies. More 
uniform perimeter coverage provided by the fiber optic sensor should make it more difficult to 
defeat than conventional sensors, leading to a lower probability of missing an intruder. The 
greater quantity of data available for processing by the fiber optic sensor should make it possible 
to provide better discrimination against animals and other sources of nuisance alarms. 

The analysis has shown that, for ranges in excess of 2 km, the best range resolution is 
provided using the Rayleigh backscattering approach with polarization discrimination.   If 
polarization discrimination is not used, the range resolution degrades (increases) by roughly 50%. 
Since polarization discrimination requires only a moderate increase in component cost and in the 
complexity of the signal processing, this will be preferred in most applications. 

The performance of the internal mirror approach without polarization discrimination is 
inferior to the other three cases and does not appear to be practical. The use of internal mirrors 
with polarization discrimination would appear to have value only for ranges below 2 km, where 
some improvement in range resolution over the Rayleigh backscattering case might be achieved. 
However, the condsiderable increase in cost for the cable could preclude the use of internal 
mirrors even for short-range systems. 
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